Obstructive sleep apnea (OSA) is a common disorder characterized by intermittent hypoxia and hypercapnia (IHC) during sleep. OSA has been shown to be a risk factor for atherosclerosis, but the relation of IHC to the induction or progression of atherosclerosis is not well understood. To dissect the mechanisms involved, we compared atherosclerotic lesion formation in two mouse models, i.e., apolipoprotein E (ApoE) and low density lipoprotein receptor (Ldlr)-deficient mice, with or without IHC exposure. Ten-week-old ApoE 2/2 or Ldlr 2/2 mice were fed a high-fat diet for 4 or 8 weeks while being exposed to IHC for 10 hours/day or room air (RA) for 24 hours/day. En face lesions of the aorta, aortic arch, and pulmonary artery (PA) were examined. Moreover, 3,3-dimethyl-1-butanol (DMB), an inhibitor of microbial trimethylamine (TMA) production, was used to determine the contribution of TMA-oxide (TMAO) to IHC-induced atherosclerosis. Eight weeks of IHC exposure expedited the formation of atherosclerosis in both the PA and aortic arch of ApoE 2/2 mice, but only in the PA of Ldlr 2/2 mice (ApoE 2/2 PA 8 wk, IHC 35.4 6 1.9% versus RA 8.0 6 2.8%, P , 0.01). The atherosclerotic lesions evolved faster and to a more severe extent in ApoE 2/2 mice as compared with Ldlr 2/2 mice (PA IHC 8 wk, ApoE 2/2 35.4 6 1.9% versus Ldlr 2/2 8.2 6 1.5%, P , 0.01). DMB significantly attenuated but did not totally eliminate IHC-induced PA atherosclerosis. Our findings suggest that IHC, a hallmark of OSA, accelerates the progression of atherosclerosis in the aorta and especially in the PA. This process is partly inhibited by DMB, demonstrating that microbial metabolites may serve as therapeutic targets for OSA-induced atherosclerosis.
Clinical Relevance
Obstructive sleep apnea is a common sleep disorder that is characterized by intermittent hypoxia and hypercapnia (IHC) during sleep and has been shown to be an independent risk factor for atherosclerosis. However, the experimental time course, the susceptibility of the vascular beds, and the mechanistic links between IHC and the development of atherosclerosis are not well understood. Our current study shows that IHC accelerates the progression of atherosclerosis in both ApoE 2/2 and Ldlr 2/2 mice in the aorta and especially in the pulmonary arteries. This process is partly inhibited by a nonlethal microbial trimethylamine (TMA) lyase inhibitor, suggesting the involvement of microbes and their metabolites TMA and TMA-oxide. These metabolites may serve as potential therapeutic targets for the prevention and treatment of obstructive sleep apnea-induced atherosclerosis.
Obstructive sleep apnea (OSA) has been identified as an independent risk factor for various cardiopulmonary diseases (1, 2) , which can lead to increased cardiovascular morbidity (3) . Clinical studies have shown that the risk of atherosclerosis is associated with OSA severity (4, 5) , but the experimental time course, the susceptibility of vascular beds, and mechanistic links between intermittent hypoxia and hypercapnia (IHC, a hallmark of OSA) and the development of atherosclerosis are not well understood.
Atherosclerosis is a complex inflammatory disease and is thought to start with endothelial damage followed by progressive plaque formation inside the arteries. Plaques reduce or completely block blood flow to the tissues and result in various ischemic diseases. Mice deficient in either apolipoprotein E (ApoE) (6, 7) or low density lipoprotein receptor (Ldlr) (8) are the two most commonly used mouse models for atherosclerosis. Both ApoE and Ldlr play important roles in the clearance of cholesterol and triglyceride-rich lipoprotein particles from the blood. We recently reported that 8 and 16 weeks of IHC exposure remarkably accelerated the formation of atherosclerosis in the pulmonary artery (PA) of Ldlr 2/2 mice on a high-fat diet (HFD), which was accompanied by hemodynamic changes consistent with early pulmonary hypertension and right-ventricular strain (9) . However, IHC did not cause more lesion formation in the aorta after either 8 or 16 weeks of exposure, although the absolute extent of the lesions was increased after 16 weeks. In this work, we further studied the effects of IHC on the formation of atheroma after 4-and 8-week IHC treatments, and compared atherosclerotic lesions in ApoE 2/2 and Ldlr 2/2 mice using the same methods.
Emerging research evidence suggests that gut microbes are participants in atherosclerosis development (10) (11) (12) . Gut microbial trimethylamine (TMA) lyases metabolize dietary choline into TMA, which is oxidized by hepatic flavin monooxygenases and converted into TMA N-oxide (TMAO). Blood TMAO levels have been associated with atherosclerotic heart diseases and adverse cardiac events in multiple cohorts (12) (13) (14) (15) (16) (17) . A structural analog of choline, 3,3-dimethyl-1-butanol (DMB), is a microbial TMA lyase inhibitor. DMB in the drinking water of ApoE 2/2 mice reduces blood TMAO levels and inhibits the development of atherosclerosis (10) . OSA increases the risk for atherosclerotic lesions and is marked by IHC (4, 5) . Intermittent hypoxia (IH) was previously reported to alter gut microbiota diversity in a mouse model of sleep apnea (18) . Thus, we used DMB to determine whether the same pathophysiology occurs in OSA-induced atherosclerosis.
In this study, we sought to determine whether (1) IHC accelerates the progression of atherosclerosis, (2) atherosclerotic lesions depend on the vascular system (i.e., the PA or aorta), (3) the genetic background of the mice (i.e., ApoE 2/2 or Ldlr 2/2 ) makes a difference in atherogenesis under room air (RA) and IHC conditions on an HFD, and (4) gut microbes contribute to IHC-induced atherosclerosis in a model of OSA. Preliminary results of this study have been previously reported in abstract form (19) .
Materials and Methods

Animals
Because mice are resistant to atherosclerosis, we used atherosclerosis-prone, 10-week-old male Ldlr 2/2 and ApoE 2/2 mice on a C57BL/6J background (stock numbers 002207 and 002052, respectively; The Jackson Laboratory, Bar Harbor, ME) in this study (8, 20) . Ldlr and ApoE deficiencies were confirmed by PCR according to the vendor's instructions. All animal protocols were approved by the Animal Care Committee of the University of California San Diego and followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
HFD Treatment
Mice were fed with regular chow consisting of 0.01% cholesterol and 4.4% fat (TD8604; Harlan-Teklad, Madison, WI) until initiation of dietary and IHC treatments. Starting at 10 weeks of age, male mice were provided with an HFD containing 1.25% cholesterol and 21% milk fat (4.5 Kcal/g; TD96121; Harlan-Teklad, Madison, WI) for 4 or 8 weeks while being exposed to either IHC or RA. The body weight of each mouse was measured twice a week. The food intake of the animals in each cage was recorded every week.
IHC Exposure
IHC was maintained in a computercontrolled atmosphere chamber system (OxyCycler; Reming Bioinstruments, Redfield, NY) as previously described (21) . Mice were exposed to IHC for short periods (z4 min) of a synchronized reduction of O 2 (from 21 to 8%) and increase of CO 2 (from z0.5 to 8%) separated by alternating periods (z4 min) of normoxia ([O 2 ] = 21%) and normocapnia ([CO 2 ] = z0.5%), with 1-to 2-min ramp intervals for 10 hours/day during the light cycle, for either 4 or 8 weeks. This treatment protocol mimics the severe clinical condition observed in patients with OSA. Mice that were on the same HFD but in RA were used as controls.
DMB Treatment
DMB nonlethally inhibits TMA production and reduces plasma TMAO levels (10) . To evaluate the contribution of microbes and TMAO to IHC-induced atherosclerosis, we added DMB (1%, vol/vol; Sigma-Aldrich, St. Louis, MO) to the drinking water of mice that were fed an HFD and exposed to 8 weeks of IHC.
Quantification of Atherosclerotic Lesions
Atherosclerosis was quantified by computer-assisted image analysis (ImageJ, NIH Image) (22) in Sudan Red-stained en face preparations of the aorta and PAs as previously described (9) . Briefly, the heart was perfused with cold PBS plus EDTA, followed by fixation with 4% paraformaldehyde. The entire aorta, pulmonary root, and left and right PAs were dissected out and stained with Sudan Red. The extent of the lesions was quantified by the percentage of lesion area in the total area of the tissue examined using ImageJ. Images of the aortic arch were cropped from the rest of the aorta by measuring the same distance from the bifurcation to the aortic body using photoediting software (Adobe Photoshop CS6; Adobe Systems Inc., San Jose, CA). All measurements were done by blinded investigators.
Statistical Analysis
Data are presented as means 6 SEM. Student's t test was employed and P , 0.05 was considered statistically significant.
Results
Figure 1 is a schematic illustration of the treatment paradigm (RA, IHC, and DMB).
Impact of IHC on the Formation of Atherosclerosis in ApoE 2/2 and Ldlr 2/2 Mice After 4 weeks of treatment, atherosclerotic lesions were detected in both the aorta and PA, with the highest level found in the PA of the IHC group of ApoE 2/2 mice. There was no statistically significant difference between IHC-treated ApoE 2/2 mice and RA controls with respect to the aorta, aortic arch, and PA. Similar results were obtained in the Ldlr 2/2 mice (data not shown). At 8 weeks, IHC treatment resulted in more and larger atherosclerotic lesions as compared with the RA condition, especially in the PA, in both animal models examined. In the ApoE 2/2 mice, significant increases in lesion formation by IHC were observed in the aortic arch (RA 7.0 6 1.1% versus IHC 16.1 6 1.9%, P , 0.01) and PA (RA 8.0 6 2.8% versus IHC 35.4 6 1.9%, P , 0.01), but not in the entire aorta (Figures 2A  and 2B ). Interestingly, this IHC-induced increase in lesion formation was only found to be significant in the PA (RA 2.1 6 0.2% versus IHC 8.2 6 1.5%, P , 0.01) in the Ldlr 2/2 mice ( Figures 3A and 3B ). It is not surprising that the lesions in the aorta were mainly located in the aortic arch. The aortic arch is subject to considerable shear force and thus is susceptible to endothelial cell damage, which is the first step in the formation of atherosclerotic lesions.
Along the time course of the treatment (from 4 to 8 wk), we found that the atherosclerotic lesions in the ApoE 2/2 mice evolved with time under both the RA and IHC conditions, but more rapidly in the aortic arch and PA of IHC-exposed mice ( Figure 4A ). In contrast, in the Ldlr 2/2 mice, we observed an IHC-independent progression of lesions in the aorta and IHC-stimulated lesion formation in the PA ( Figure 4B ). Intriguingly, the lesions in the PA did not progress, but the lesions in the aorta and aortic arch evolved during the 4-to 8-week period under RA conditions ( Figure 4B ). These results demonstrated that the aorta, rather than the PA, was affected in 
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IHC-induced atherosclerosis, a model for OSA.
We examined the effect of chronic DMB exposure (1% in drinking water for 8 wk) on the development of atherosclerosis by IHC in the ApoE 2/2 mice. As reported above, IHC induced a marked increase in lesion formation of the aortic arch and PA. Although DMB in the drinking water significantly reduced the observed IHC-induced atherosclerotic lesions in the PA (but not in the aortic arch), it did not completely abolish these IHC-enhanced lesions (PA 8 wk, IHC DMB 25.6 6 2.6% versus IHC 35.4 6 1.9% [P , 0.01] or versus RA 8.0 6 2.8% [P , 0.01]; Figure 5 ). These data demonstrate that gut microbes and their metabolite TMA play an important role in mediating IHC-induced atherosclerosis of the PA.
Discussion
OSA is a prevalent sleep disorder characterized by repetitive episodes of complete or partial airway obstruction, resulting in apneas or hypopneas. OSA is often accompanied by loud snoring, intermittent arterial oxygen desaturation and hypercapnia, sleep fragmentation, sleep arousal, daytime sleepiness, and cognitive 
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from a few seconds to minutes (24) , we chose to use a severe IH treatment (minutes) in the present study. We also included hypercapnia in our experimental protocol to better simulate the oscillations of O 2 and CO 2 in patients with OSA.
We previously found that IHC induced an unusual and dramatic accumulation of lesions in the pulmonary root and PAs of Ldlr 2/2 mice (9). However, a published study of ApoE 2/2 mice exposed only to IH lacked a description of the involvement of the PA vascular system (25) . To determine whether PA lesions are a unique phenomenon of Ldlr 2/2 mice or the result of differences in exposure (IH versus IHC), we examined the aorta and PA in both types of mice and exposed them to IHC, to better mimic the pathophysiology of OSA.
We made several important observations. First, an 8-week IHC exposure expedited HFD-induced formation of atherosclerosis in both the PA and aortic arch of ApoE 2/2 mice, but only in the PA of Ldlr 2/2 mice. To our knowledge, we are the first to report that IHC accelerated atherosclerotic lesion formation in the PA trunk and its proximal branches in both ApoE 2/2 and Ldlr 2/2 mice (Ref. 9 and the present study). The significant increase in the lesions was observed after 8 weeks of IHC treatment. Atherosclerotic PA lesions were previously described in ApoE 2/2 /Ldlr 2/2 double-knockout mice by Langheinrich and colleagues (26) . However, it took longer in that study for lesions to be evident (at the age of 80 weeks). Their data and ours suggest that IHC combined with HFD accelerates the progression of atherosclerosis. In humans, atherosclerosis in the PA has been reported in patients with chronic obstructive pulmonary disease (27) , and has been associated with hypertensive pulmonary vascular disease (28) . PA atherosclerosis was shown to be a significant predictor of aortic atherosclerosis, right-ventricular hypertrophy, and pulmonary embolization (28) . In several studies involving ApoE 2/2 mice, IH alone (no hypercapnia) with HFD was demonstrated to induce aortic atherosclerosis (25, (29) (30) (31) , and the authors did not mention or report any evidence of PA involvement. However, by combining IHC and HFD, we detected not only aortic atherosclerosis but also dramatic PA atherosclerosis. Therefore, it is possible that intermittent hypercapnia may play a crucial role in promoting the evolution of PA atherosclerosis. Hypercapnia has both protective and deleterious effects (32) . On the one hand, hypercapnia can inhibit hypoxia pulmonary vascular remodeling (33) and prevent hypoxia-induced pulmonary hypertension (34) . On the other hand, hypercapnia injures alveolar epithelial cells (35) and impairs alveolar fluid reabsorption (36) . Carbon dioxide also interacts with both reactive nitrogen and reactive oxygen species (37) .
In Ldlr 2/2 mice, IHC had no impact on the progression of aortic atherosclerosis, in contrast to what was observed for ApoE 2/2 mice. Although a marked increase in plasma lipids was noted in response to HFD in Ldlr 2/2 mice, there were no differences in total plasma cholesterol or triglyceride levels between IHC and RA controls after 8 weeks of treatment (9) . It is interesting to note that mice exposed to IHC, even with reduced body weights and less high-fat food intake, formed more lesions in the PA than the RA control mice. (38) . In our well-controlled experiments, ApoE 2/2 and Ldlr 2/2 mice were maintained in the same vivarium (i.e., microbiome effects), fed the same HFD, and sampled from the same arterial sites of male mice only and at the same times during the evolution of lesions. ApoE 2/2 and Ldlr 2/2 mice have shown some similarities but also exhibit major differences in atherogenesis. They all developed atherosclerosis to a certain extent after the HFD under both RA and IHC conditions. The extent of lesions after 8 weeks of IHC treatment was remarkably higher in ApoE 2/2 mice than in Ldlr 2/2 mice. IHC affected lesion formation in both the aortic arch and PA in ApoE 2/2 mice, whereas IHC affected only the PA in Ldlr 2/2 mice. Several possibilities may account for these differences:
(1) Lipoprotein profiles. ApoE 2/2 mice have high blood cholesterol levels (z400 mg/dl) and greatly increased levels of verylow-density lipoproteins, which are mostly apoB48-containing cholesteryl ester-rich particles, along with reduced levels of highdensity lipoproteins. In contrast, Ldlr 2/2 mice have moderately increased blood cholesterol levels (z200-275 mg/dl) and the predominant lipoproteins are apoB100-containing low-density lipoproteins, along with elevated high-density lipoprotein levels (38) . The influx of apoB-containing lipoproteins into the subendothelial space at injured vascular sites is the initiating process of atherogenesis (39) . The size of the lipoproteins, as well as their vascular wall permeability, composition, and association with matrix components, determine their retention in the subendothelial space (38) . Thus, different lipoprotein patterns may result in distinct lesion formation.
(2) Vascular inflammation and oxidative stress. Previous studies have shown that multiple mechanisms may contribute to exacerbated atherosclerosis during chronic intermittent hypoxia, including proatherogenic dyslipidemia, hypertension, vascular inflammation, and oxidative stress (25, (29) (30) (31) . In addition to its capacity to lower plasma lipids, ApoE serves antiinflammatory and antioxidative functions, such as polarizing macrophages from the proinflammatory M1 subset to the antiinflammatory M2 subset (40) , reducing isoprostane generation and atherosclerotic lesion formation (41) , and promoting cholesterol efflux from macrophages (38) . Ldlr does not share these functions.
(3) Different atherogenic signaling pathways. Further investigations will be necessary to elucidate the mechanistic basis of the difference between the functions of the PA and the aorta, but in theory it may reflect differences in their respective endothelial cells and their response to IHC.
Third, DMB significantly attenuated IHC-induced PA atherosclerosis, but did not completely eliminate IHC-induced lesion formation. There is a growing recognition that gut microbes take part in the host metabolism and contribute to cardiometabolic phenotypes. For example, TMAO, a gut microbial metabolite, has been demonstrated to be atherogenic. TMAO arises from gut microbiota metabolism after ingestion of TMA-containing dietary nutrients such as phosphatidylcholine, choline, and carnitine. Multiple clinical studies have shown that elevated plasma TMAO levels are associated with an increased burden of atherosclerotic lesions and risk for cardiovascular disease (11, 14, 15, 17, 42) . Functional studies revealed that TMAO stimulates the expression of the LDL scavenger receptors SRA and CD36 in macrophages, thereby promoting LDL uptake and the formation of foam cells. In hepatocytes, TMAO suppresses bile acid synthesis from cholesterol and reduces the expression of bile acid transporters, which may increase the risk for atherosclerosis (43) . DMB, a blocker of microbial TMA lyases, inhibits TMA production and reduces plasma TMAO levels (10) . Interestingly, we found that DMB partially alleviated the atherosclerotic lesions in the PA of IHC-exposed ApoE 2/2 mice. The results indicate that the gut microbes and their metabolites TMA and TMAO play an important role in IHC-induced atherosclerosis of the PA.
We have profiled gut microbiota and metabolites in fecal material using multiomics-based approaches (16S sequencing and metabolomics) in both IHC and RA groups. Our preliminary data show that the gut microbiome under IHC is indeed significantly different from that of RA control mice, and the biological effect of treatment is greater than the confounding effect of housing conditions (44) .
It is of note that DMB could not restore the lesions to those associated with RA exposure. Our data then suggest that other mechanisms contribute to this process. For example, (1) IHC causes pulmonary arteriolar vasoconstriction and pulmonary arterial hypertension, which might lead to damage of endothelial cells, initiating atherosclerosis formation; (2) IHC has also been shown to result in dyslipidemia, oxidative stress, and inflammation (45) (46) (47) (48) (49) (50) , which make patients with OSA more susceptible to atherosclerosis; and (3) 
